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Summary
Background: Orientation and positioning of the cell
division plane are essential for generation of invariant
cleavage patterns and for unequal cell divisions during
development. Precise control of the division plane is
important for appropriate partitioning of localized fac-
tors, spatial arrangement of cells for proper intercellular
interactions, and size control of daughter cells. Ascidian
embryos show complex but invariant cleavage patterns
mainly due to three rounds of unequal cleavage at the
posterior pole.
Results: The ascidian embryo is an emerging model for
studies of developmental and cellular processes. The
maternal Posterior End Mark (PEM) mRNA is localized
within the egg and embryo to the posterior region.
PEM is a novel protein that has no known domain.
Immunostaining showed that the protein is also present
in the posterior cortex and the in centrosome-attracting
body (CAB) and that the localization is extraction-resis-
tant. Here we show that PEM of Halocynthia roretzi is
required for correct orientation of early-cleavage planes
and subsequent unequal cell divisions because it re-
peatedly pulls a centrosome toward the posterior cortex
and the CAB, respectively, where PEM mRNA and pro-
tein are localized. When PEM activity is suppressed,
formation of the microtubule bundle linking the centro-
some and the posterior cortex did not occur. PEM pos-
sibly plays a role in anchoring microtubule ends to the
cortex. In our model of orientation of the early-cleavage
planes, we also amend the allocation of the conventional
animal-vegetal axis in ascidian embryos, and discuss
how the newly proposed A-V axis provides the rationale
for various developmental events and the fate map of
this animal.
Conclusions: The complex cleavage pattern in ascidian
embryos can be explained by a simple rule of centro-
some attraction mediated by localized PEM activity.
PEM is the first gene identified in ascidians that is re-
quired for multiple spindle-positioning events.
*Correspondence: hnishida@bio.sci.osaka-u.ac.jp
2 Present address: UMR7009/CNRS, Observatoire Oceanologique,
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Orientation and positioning of the cell division plane are
essential for development of animal embryos that show
invariant cleavage patterns and also for asymmetric cell
divisions [1–3]. Precise control of the division plane
plays several important roles: (1) Appropriate partition-
ing of localized factors. Control of the division plane is
crucial for the generation of two daughter cells with dif-
ferent characteristics from a single mother cell in which
specific factors are asymmetrically localized. Some
maternal ooplasmic factors are partitioned into specific
blastomeres by invariant cleavages. For example, P
granules in C. elegans are segregated into the posterior
blastomeres during early cleavages [4]. (2) Spatial ar-
rangement of cells for proper intercellular interactions.
An invariant pattern of cell divisions ensures correct
spatial allocation of signaling cells and signal-receiving
cells in embryos [5, 6]. (3) Size control of daughter cells.
Eccentric positioning of the division plane results in un-
equal cell division and generates two daughter cells that
differ in size. For example, unequal cleavage produces
micromeres at the vegetal pole in sea urchin embryos
[7]. Despite the importance of orientation and position-
ing of the spindle and division plane, the molecular and
cellular mechanisms involved have mostly been studied
only in yeast and C. elegans (reviewed in [8]).
In ascidian embryos, the cleavage pattern shows
bilateral symmetry and is invariant [9, 10]. These organ-
isms are thus suitable for studying the mechanisms in-
volved in orientation of the cell division plane because
the embryos contain a small number of cells and have
an invariant but unique cleavage pattern. The first and
second divisions are equal in size (Figure 1A). In the third
cleavage, spindles in the posterior blastomeres lean,
and the posterior-vegetal blastomeres protrude posteri-
orly. Thus, eight-cell-stage embryos attain a unique
shape (Figure 1B). Then, three successive unequal divi-
sions take place at the posterior pole of the vegetal
hemisphere (Figures 1C and 1D). These unequal divi-
sions always generate smaller daughter cells at the pos-
terior pole, and as a result, most posterior cells become
extremely smaller than the other cells. Finally, the poste-
rior-pole cells of the 64-cell-stage embryo are fated to
become primordial germ cells [11].
Removal and transplantation of the egg cytoplasm
has shown that the posterior-vegetal cortex/cytoplasm
(PVC) of the fertilized egg is responsible for these un-
equal cleavages at the posterior pole [12, 13]. The PVC
instructs formation of a special subcellular structure,
the centrosome-attracting body (CAB), in the posterior
blastomeres during the early cleavage stage [14–16].
During unequal cleavages, the microtubule bundle ex-
tending from the posterior one of the two centrosomes
is connected to the CAB in the posterior cortex (Fig-
ure 1T). Then, in accordance with shortening of the
microtubule bundle, the interphase nucleus shifts pos-
teriorly and approaches the CAB. Consequently, an
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1015Figure 1. Cleavage Pattern of Embryos and Morphology of Resulting Larvae Injected with Hr-PEM MO and mRNA
(A–D) Diagrams of embryos at the 4-, 8-, 16-, and 24-cell stages. Anterior is to the left. Orientation of each embryo is indicated. The 24-cell stage is
attained after the vegetal blastomeres have divided and before the animal blastomeres divide. The smaller cells formed at the posterior pole by
unequal cleavage are shown in pink. The localization of PEM mRNA is shown in red. The gray colored blastomeres in (D) are those of the animal
hemisphere. The names of the relevant blastomeres are indicated. Bars connect two sister blastomeres.
(E–I) Control 5-mismatch MO-injected embryos at each stage shown at the top. (E) shows the four-cell stage, and (F) shows the eight-cell stage.
The animal pole is up. The B4.1 blastomere protrudes posteriorly. The polar body is indicated by an arrow. (G) and (H) show the sixteen- and
twenty-four-cell stages. The smaller B5.2 and B6.3 blastomeres were formed at the posterior pole. (I) shows the normal tail bud developed.
The scale bar represents 100 mm.
(J–N) Hr-PEM-MO-injected embryos at each stage. Unequal cleavages did not occur. B5.2 divided vertically into B6.3 and B6.4 blastomeres of
equal size. The posterior cleavage pattern is similar to that of the anterior. (N) shows an aberrant tail-bud embryo.
(O–S) Hr-PEM-mRNA-injected embryos at each stage. Cleavage pattern was normal but malformed larvae developed (S).
(T) Sequence of events during the 16-cell stage in the posteriormost blastomere (B5.2) pair that will unequally cleave in the next cell division,
corresponding to the illustrations in (C) and (D). Vegetal views are shown. Times after the onset of the previous cleavage are indicated below
the illustration. Nuclei are shown in light blue, microtubule in green, and the CAB in red, in which PEM mRNA is localized. See text for details.
Modified from [15].asymmetrically located mitotic apparatus is formed, and
unequal division occurs. These events are specifically
repeated in three successive unequal cleavages. When
the PVC is removed from the egg, the CAB and microtu-
bule bundle are not formed and the posterior cleavage
pattern is converted to a more regular anterior one with-
out unequal cleavage. When the PVC is transplanted,the CAB is formed there, and promotes the posterior
cleavage pattern involving unequal cleavages. There-
fore, factors localized in the posterior egg cytoplasm
are responsible for formation of the CAB and its centro-
some-attracting activity.
The CAB is a multifunctional structure in ascidian em-
bryos, and unequal division is not its only role. It also
Current Biology
1016serves as a mRNA-localization scaffold. Some maternal
mRNAs are localized to the PVC and CAB. These mRNAs
are referred to as type I postplasmic/PEM mRNAs, and
to date about a dozen have been identified ([17–20]
and reviewed in [6, 21]). Second, the CAB contains an
electron-dense matrix similar to germplasm [16], which
has been observed in Xenopus [22], Drosophila [23],
and C. elegans [4]. In ascidians, cells that eventually
inherit the CAB become germ cells [11].
Posterior End Mark (PEM), a member of the type I
postplasmic/PEM mRNAs, was first identified in an as-
cidian, Ciona savignyi [17], and then found in other as-
cidian species showing the same cleavage pattern [20,
24]. Maternal PEM mRNA is localized to the PVC and
CAB (see Figures 1A–1D). In the unfertilized egg, it is dis-
tributed in a gradient, with the highest concentration at
the vegetal pole. Just after fertilization, the first phase
of ooplasmic movement brings PEM mRNA to the vege-
tal pole. During the second phase of ooplasmic move-
ment, PEM mRNA translocates posteriorly and settles
at the PVC. Then, it is highly concentrated into the CAB
during cleavages by the eight-cell stage. PEM mRNA is
anchored to cortical ER and relocates together with cor-
tical ER [25, 26]. PEM mRNA is the most abundant of the
known type I postplasmic/PEM mRNAs [18]. The protein
has no known domain, and sequence conservation is
low even among ascidian species, although they show
weak and spaced similarity over the entire protein (Fig-
ure S1 in the Supplemental Data available online). There-
fore, it is difficult to identify the homolog, if any, in other
animals. Although the function ofPEM is unknown, over-
expression by injection of its mRNA affects the anterior
nervous system of C. savignyi tadpole larvae [17].
In the present work, we investigated the function of
Hr-PEM in Halocynthia roretzi, and our findings indi-
cated that it is required for unequal divisions at the pos-
terior pole. Formation of the microtubule bundle linking
the centrosome and the CAB did not occur in Hr-PEM
knockdown embryos. Furthermore, detailed analysis
of the Hr-PEM knockdown embryos revealed that Hr-
PEM also controls orientation of the cleavage planes
as early as at the second and third cleavages, which
are almost equal in size, by attracting one centrosome
to the posterior-vegetal region where Hr-PEM mRNA
and the protein are localized. Thus, the complex cleav-
age pattern in ascidian embryos can be explained by a
simple rule that one centrosome is repeatedly attracted
toward the posterior pole from the 2- to 32-cell stages
by mechanisms involving localized Hr-PEM function. Fi-
nally, on the basis of our model, we amended the alloca-
tion of the animal-vegetal (A-V) axis in ascidian embryos
because the hitherto-considered A-V axis was found to
be incorrect; the tilt of the spindle at the second cleav-
age had not been taken into account. We discuss how
our newly proposed A-V axis provides the rationale for
the various developmental events and the fate map of
this animal.
Results
Hr-PEM Is Required for Unequal Division
To investigate the function of Hr-PEM, we carried out in-
jection of two morpholino antisense oligonucleotides
(MOs) complementary to two different sequences ofHr-PEM mRNA into fertilized eggs to inhibit its transla-
tion. Given that both of them had the same effect, namely
suppression of unequal cleavages, the specificity of
these MOs was confirmed. In the following section, re-
sults obtained through the use of mainly MO2 are de-
scribed. Embryos injected with 5-mismatch control
MO showed appropriate unequal divisions and devel-
oped into tadpole larvae (Figures 1E–1I). In addition,
we have never observed suppression of unequal cleav-
ages in embryos injected with various MOs used so far in
our laboratory, except for Hr-POPK-1 MO, which affects
normal CAB formation and localization of postplasmic/
PEM RNAs including Hr-PEM [27].
In embryos injected with Hr-PEM MO, two-, four-, and
eight-cell-stage embryos were normal with respect to
cell size, but the arrangement of blastomeres at the
eight-cell stage differed from that of uninjected and con-
trol MO-injected embryos (Figures 1J and 1K). Protru-
sion of the posterior-vegetal (B4.1 in Figures 1F and
1K) blastomeres in a posterior direction was less evident.
After the eight-cell stage, unequal cleavages of the B4.1
and B5.2 blastomeres observed in control embryos were
abrogated in 90.2% of cases (n = 41). During the fourth
cleavage, B4.1 blastomeres divided into equal-sized
B5.1 and B5.2 blastomeres (Figures 1G and 1L). Then,
the posterior B5.2 blastomeres again divided into two
daughters of the same size (Figures 1H and 1M). This
cleavage was vertical, unlike the horizontal cleavage in
control embryos, indicating that Hr-PEM is also required
for proper orientation of the cleavage plane. Thus, the
cleavage pattern in the posterior region lost its unique
features and became similar to the regular anterior cleav-
age pattern. Gastrulation occurred but was incomplete,
and Hr-PEM knockdown embryos subsequently devel-
oped into abnormal larvae with a mushroom-like mor-
phology and lacking an apparent anterior-posterior axis
(Figure 1N). In an overexpression experiment involving
injection of synthetic Hr-PEM mRNA, appropriate un-
equal cleavages occurred (22 of 22 cases, Figures 1O–
1R), but the embryos eventually developed an abnormal
morphology at the tail-bud stage (Figure 1S).
Presence of the CAB with Loss of the
Microtubule Bundle
The CAB and microtubule bundle are observed specifi-
cally in blastomeres that divide unequally. It has been
proposed that the CAB is required for attraction of the
centrosome/nucleus complex toward the posterior pole
on the basis of correlation between the presence of the
CAB and occurrence of unequal cleavage under experi-
mental conditions [14, 15]. Therefore, we examined
whether Hr-PEM-MO-injected embryos retained the
CAB and microtubule bundle between the centrosome
and the CAB. The CAB has been visualized by the ex-
traction and clearing of embryos with a buffer containing
Triton X-100 and glycerol [14]. By this method, the CAB
can be detected as a brilliant structure because of its re-
fraction difference. Control MO-injected embryos con-
tained the CAB after extraction (40 of 42 cases at the
8-cell stage, 33/33 and 27/27 at the 16- and 32-cell
stages, respectively; Figures 2A–2C). A CAB of normal
size and shape was also present in Hr-PEM-MO-in-
jected embryos (28/33, 30/30, and 26/28 at the 8-, 16-,
and 32-cell stages, respectively; Figures 2D–2F). The
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1017Figure 2. Position of the CAB in Extracted
Embryos and Formation of Microtubule
Bundles in the 16-Cell-Stage Embryo
(A–C) Control 5-mismatch MO-injected em-
bryos observed at each stage shown at the
top. (A) and (A0) show eight-cell-stage em-
bryos, lateral view. CAB is present in the
posterior-vegetal B4.1 blastomeres (arrow).
(A0) shows a closer view of (A). (B) shows
the 16-cell stage, vegetal view. The CAB is
located at the posterior pole. (C) shows the
24-cell stage, vegetal view. The CAB is pres-
ent at the posterior pole in the B6.3 blasto-
mere.
(D–F) Hr-PEM-MO-injected embryos. (D) and
(D0) show the eight-cell stage. The CAB is lo-
cated more vegetally. (E) shows the 16-cell
stage, vegetal view. (E0) shows the lateral
view; anterior is to the left and the animal
pole is up. The CAB is clearly located more
vegetally. (F) shows the 24-cell stage. The
embryo has the CAB within the blastomere
that is not the posterior-most one; instead,
the CAB was present within its sister cells
closer to the vegetal pole.
(G–L) Formation of microtubule bundles in
the 16-cell-stage embryo. Double immunos-
taining of microtubules (green) and CAB (red)
with tubulin and ZF-1 antibodies, respec-
tively. The vegetal view is shown. Anterior is
to the left.
(G–I) Control 5-mismatch MO-injected em-
bryo. Arrowheads indicate thick microtubule
bundles between a centrosome and the CAB.
(I) and (I0) show a merged image and closer
view of the posterior region.
(J–L) Embryo injected with Hr-PEM MO into
one blastomere at the two-cell stage. (L)
and (L0) show that there is no microtubule
bundle on right side (arrows).
The scale bars represent the following: in (D0),
50 mm; in (F), 100 mm; in (L), 100 mm; and in (L0),
20 mm. See also Movie S1 for Z stack images
of multiple confocal sections of another
specimen.CAB in extracted embryos probably represents elec-
tron-dense material, which has been considered to be
putative germplasm [16, 27]. Thus, a structure relevant
to the CAB was still present in Hr-PEM-MO-injected
embryos.
Despite the presence of the CAB in extracted em-
bryos, we noticed that its position was different from
that in uninjected and control MO-injected embryos. In
B4.1 blastomeres at the 8-cell stage (Figures 2D and
2D0) and B5.2 blastomeres at the 16-cell stage (Figures
2E and 2E0), the CAB was located more vegetally than
that in the control. Then, at the 32-cell stage, Hr-PEM
knockdown embryos possessed the CAB within blasto-
meres that were not the most posterior; instead, the CAB
was present within their sister cells closer to the vegetal
pole, in 18 of 26 cases (Figures 2C and 2F). This vegetal
shift of the CAB was further investigated and will be
discussed in a later section.
We then examined the microtubule bundle, which was
visualized between the centrosome and the CAB in em-
bryos immunostained with a-tubulin antibody at the 16-
cell stage [14, 15]. In this experiment, the position of the
CAB was determined unambiguously by detecting the
CAB with ZF-1 antibody. ZF-1 mRNA is one of the type Ipostplasmic/PEM mRNAs localized to the CAB [19, 28].
ZF-1 protein is also localized to the CAB, and its anti-
body also stains the CAB (H. Yamada and H.N., unpub-
lished data). Control MO-injected embryos had intact
microtubule bundles between the CAB and the centro-
some in the posterior-most B5.2 blastomeres (all 22
cases, Figures 2G–2I and 2I0). In contrast, embryos in-
jected with Hr-PEM MO before the first cleavage had
no microtubule bundle (data not shown). Furthermore,
embryos injected with Hr-PEM MO into one blastomere
at the two-cell stage lacked a microtubule bundle in the
B5.2 cells that had divided equally on one side (17/21,
Figures 2J–2L and 2L0). Movie S1 shows Z stack images
of multiple confocal sections of another specimen.
These embryos still showed ZF-1 staining (Figure 2K
and Movie S1), substantiating the presence of a specific
structure relevant to the CAB. These results suggest that
CAB loses its centrosome-attracting activity because
astral microtubules are not bundled up and do not focus
on the CAB, even though a certain CAB structure is still
retained in Hr-PEM-MO embryos. This is in marked con-
trast to the Hr-POPK-1-MO-injected embryo, in which
the CAB shrinks but unequal cleavages still take place
in most cases [27].
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1018Figure 3. Mitotic Apparatus at M Phase and Astral Microtubules at Interphase during the Four-Cell Stage
(A–E) Immunostaining with tubulin antibody. Anterior is to the left in all figures.
(A, C, and E) Polar (animal or vegetal) views observed with a conventional fluorescence microscope. White lines demarcate shape of embryos.
The red dot indicates the position of the animal centrosome, and the red open circle shows that of the vegetal centrosome. (A) shows control
5-mismatch MO-injected embryo. (C) shows embryos injected with Hr-PEM MO into one blastomere at the two-cell stage. One of the posterior
spindles is relatively vertical and does not tilt (white arrow). (E) shows an embryo injected with Hr-PEM MO into fertilized egg. Both of the
posterior spindles do not tilt.
(A1, A2 and B1, B2) Lateral optical section of each mitotic apparatus observed by confocal microscopy in a control MO-injected embryo. (A1) and
(A2) show M phase and are front and back optical sections that correspond to levels 1 and 2, respectively, are indicated in (A). Posterior spindles
on both the left and right sides are oblique. (B1) and (B2) show interphase. Inclination of the centrosome axis is already evident.
(C1, C2 and D1, D2) Embryos injected with Hr-PEM MO into one blastomere at the two-cell stage. Posterior spindle and centrosome axis are
relatively vertical on one side in (C2) and (D2) (white arrows). Scale bars represent 100 mm.
(F) A model of the role of Hr-PEM in orientation of the third cleavage. One of the centrosomes in the posterior blastomere (with green spindle) is
attracted by the posterior-vegetal cortex where Hr-PEM mRNA is present (blue line). As a result, an oblique spindle (green) forms, and eventually
the B4.1 blastomeres protrude posteriorly at the eight-cell stage in a normal embryo (upper). Broken lines indicate the planes of the next division.
Rotation of the centrosome axis does not occur in Hr-PEM knockdown embryos (lower). The two photos at right show cleaving embryos during
the third division, in which the cleavage plane of the posterior blastomere (red arrowheads) is obliquely oriented in control embryo, but not in
PEM-MO-injected embryos.Involvement of PEM in Orientation of the Third
Cleavage Plane
Ascidian eight-cell-stage embryos show characteristic
anterior-posterior asymmetry, with the posterior-vegetal
B4.1 blastomeres protruding posteriorly. This is because
during interphase of the four-cell stage, the axis passing
through the two centrosomes is inclined, because the
vegetal centrosome sifts posteriorly, and consequently
a tilted mitotic apparatus is formed specifically in theposterior blastomeres (Figure 3F) [14]. In contrast, in
the anterior blastomeres, the direction of division is
simply vertical. In control MO-injected embryos, B4.1
blastomeres protrude posteriorly (Figure 1F), as in nor-
mal embryos. As mentioned previously, protrusion of
the B4.1 blastomere was less evident in Hr-PEM knock-
down embryos (28 of 32 cases, Figures 1K and 2D). We
immunostained microtubules and first observed four-
cell-stage embryos in a polar view by conventional
Division-Plane Positioning in Ascidian Embryos
1019fluorescence microscopy (Figures 3A, 3C, and 3E). We
then observed front and back optical sections in a lateral
view by confocal microscopy (M phase: Figures 3A1, 3A2,
3C1, and 3C2; interphase: Figures 3B1, 3B2, 3D1, and
3D2). In control embryos that had developed from eggs
injected with 5-mismatch MO, two posterior cells had
oblique spindles at M phase (n = 15, Figures 3A, 3A1,
and 3A2). The tilt of the centrosome axis was already
evident at interphase (n = 12, Figures 3B1 and 3B2), al-
though we never observed thick microtubule bundles
such as those evident in 16-cell embryos. In contrast,
when Hr-PEM MO was injected into eggs, all four spin-
dles simply formed vertically (Figure 3E). Furthermore,
in embryos injected with Hr-PEM MO into one blasto-
mere at the two-cell stage, lateral optical sections re-
vealed that the centrosome axis of one posterior blasto-
mere was relatively vertical on the injected side at both
M phase (n = 15) and interphase (n = 12) (Figures 3C1,
3C2, 3D1, and 3D2). These results indicate that PEM
protein controls the third division plane of the posterior
blastomere by attracting the vegetal centrosome to the
posterior-vegetal cortex (Figure 3F).
Involvement of PEM in Orientation of the Second
Cleavage Plane
As described in the previous section, we noticed that the
CAB was located more vegetally in Hr-PEM knockdown
embryos (Figures 2A–2F). Similarly, a vegetal shift in the
localization of postplasmic/PEM RNA in the PVC was al-
ready recognizable as early as the four-cell stage. We
observed localization of ZF-1 mRNA, which is a type I
postplasmic/PEM mRNA, as an indicator for PVC [28].
In control MO-injected embryos, ZF-1 mRNA was local-
ized close to the posterior pole at the four- and eight-cell
stages in all cases (n = 12 and 19 for the four- and eight-
cell embryos, respectively; Figures 4A–4B0, white ar-
rows), whereas in embryos injected with Hr-PEM MO,
ZF-1 mRNA was located more vegetally (92% and 100%
of 13 and 14 cases at the four- and eight-cell stages, re-
spectively; Figures 4C–4D0). Such a vegetal shift was
also observed when embryos were probed for Hr-PEM
mRNA (94% and 100% of 16 and 15 cases at the four-
and eight-cell stages, respectively; Figures 4E–4H0)
and macho-1 mRNA (data not shown), which is another
type I postplasmic/PEM mRNA and encodes muscle
determinant in ascidian embryos [24]. Therefore, there
is a possibility that Hr-PEM is also involved in transloca-
tion of the PVC, and the CAB-forming factors present
within it, toward the equator. However, this is unlikely
because when we inhibited translation of Hr-PEM only
in one side of the embryo, two bilateral CABs were in
the same position on both sides of the midline. We never
observed a gap between the CAB on each side along the
midline. This was confirmed in embryos stained with
ZF-1 antibody (Figures 2K and 2L0) and in extracted em-
bryos (data not shown). This paradox raises the possibil-
ity that the absolute position of the CAB does not differ
between Hr-PEM-MO- and control MO-injected em-
bryos, whereas the position of the CAB relative to the
blastomere arrangement does differ because of possi-
ble alteration of the early-cleavage plane in MO-injected
embryos. To explain this issue by a simple rule involving
centrosome-attracting activity, we speculate that PEM
works as early as the two-cell stage and exerts itsactivity of attracting centrosomes toward the poste-
rior-vegetal cortex (PVC), consequently tilting the sec-
ond cleavage plane relative to the animal-vegetal axis
(see Figure 5, two- and four-cell stages). If this is the
case, then the relative—but not absolute—positions of
the PVC and CAB differ according to whether Hr-PEM
is present or absent, because of the different orientation
of the second cleavage plane (Figure 5, eight-cell stage).
A simple test of this model would be to observe the
positions of the polar bodies. The animal pole is defined
as the place where polar bodies form, and the opposite
site is defined as the vegetal pole. The axis between the
two poles is called the animal-vegetal (A-V) axis. The
model predicts that the second cleavage plane does
not pass through the animal pole where the polar bodies
are present, and that the polar bodies will be preferen-
tially located in the a4.2 blastomeres (Figure 5). We first
confirmed that the polar bodies do not move during and
between cleavages by continuous observation of two
developing embryos. In contrast to mouse eggs, there
is a huge perivitelline space in eggs of Halocynthia, and
polar bodies are small (Figures 4I and 4K). Therefore, it
is unlikely that polar bodies migrate on embryos or are
detached from embryos and reattached. Then, we ob-
served the position of the polar body at the eight-cell
stage. ‘‘q’’ is the angle between the polar body and sec-
ond division plane, which is represented as the bound-
ary between the a4.2 and b4.2 blastomeres (Figure 4I).
When the two polar bodies are distant from each other,
q is measured from the midpoint of the two polar bodies.
Indeed, most uninjected control embryos had polar
bodies in the a4.2 blastomeres, and q was within the
range of 10–50 degrees in most cases (21.7 on aver-
age; Figure 4J). The divergence from 0 was statistically
significant (p < 0.001 by t test). This result suggests that
the second division plane is oblique to the A-V axis. In
contrast, in embryos injected withHr-PEMMO, the polar
bodies showed a relatively even distribution in a4.2 and
b4.2, although the position varied in each specimen.
q was 8.26 degrees on average (Figures 4K and 4L).
The divergence from 0 was not significant in this case
(0.1 < p < 0.2). These results support our model. In the
normal eight-cell embryo, the A-V axis passes through
the a4.2 and B4.1 blastomeres, and the second division
plane tilts through a mechanism involving Hr-PEM. This
idea suggests that the genuine A-V axis in cleavage-
stage ascidian embryos differs from the conventional
A-V axis. It has been hitherto proposed that the A-V
axis passes through the boundary between a4.2 and
b4.2 blastomeres.
Rotation of the Centrosome Axis at the Two-Cell
Stage in Living Embryos
To obtain direct supportive evidence for our novel model
(Figure 5), we observed the movements of asters and ori-
entation of the second cleavage plane in living embryos.
In order to visualize the asters, we injected fertilized eggs
with rhodamine-conjugated tubulin and observed the
fluorescence by confocal microscopy. To record the
lateral view and immobilize the embryos, we embedded
living devitellinated eggs in fibrin gel. We recorded time-
lapse movies from the two- to four-cell stage in normal
(n = 4) and Hr-PEM-deficient embryos (n = 4). In control
embryos without MO injection, the centrosome axis
Current Biology
1020Figure 4. Positions of ZF-1 and Hr-PEM mRNA Localization and Positions of the Polar Body
(A–D0) Localization of ZF-1mRNA in embryos injected with control and Hr-PEMMOs. Stages and orientation of embryos are indicated. Anterior is
to the left in vegetal and lateral views. The animal pole is up in posterior views. ZF-1 mRNA (white arrows) localized in the PVC is detectable close
to the posterior-pole region within the posterior blastomeres in control embryos. In embryos injected with Hr-PEM MO, the ZF-1 signal is shifted
vegetally. Scale bars represent 100 mm.
(E–H0) Localization of Hr-PEM mRNA. Similar vegetal shift of the localization is observed.
(I and J) Position of polar bodies (red arrow) in uninjected eight-cell-stage embryos. q is the angle between the polar bodies and the second
division plane. Polar bodies are preferentially located in the a4.2 blastomere in (J).
(K and L) Embryo injected with Hr-PEM MO. Polar bodies are located evenly in the a4.2 and b4.2 blastomeres in (L).(Figure 6A, red arrows, and Movie S2) rotated and tilted
progressively so that the anterior centrosome goes up
and the posterior one goes down, and eventually the sec-
ond cleavage furrow (green arrowheads) formed an
angle to the polar bodies (white arrow). This is likely be-
cause the posterior centrosome was attracted toward
the posterior-vegetal cortex. In contrast, the centrosome
axis in embryos injected withHr-PEMMO did not tilt, and
the cleavage furrow passed through the position of the
polar bodies (Figure 6B and Movie S3). These results
directly confirm our proposed model that the second
division plane is oblique to the A-V axis, and that rotation
of the centrosome axis is mediated by Hr-PEM.Localization of PEM Protein
Localization of PEM protein was examined with newly
generated Hr-PEM antibody (Figures 7A and 7A0). Stain-
ing is not obvious in unfertilized eggs. Just before the
first cleavage, faint staining was detected at the poste-
rior-vegetal region. We cannot tell for sure whether this
faint staining is specific or not. Translation might be ini-
tiated and a small amount of the protein could be pres-
ent during the first cell cycle. From the two- to eight-cell
stages, intensity of the staining was increased and clear
localization to the CAB-forming area and the CAB was
visible. Then the staining was gradually decreased dur-
ing the 32- and 64-cell stages. Only a small area was
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(Upper) In a normal embryo at the two-cell stage, the centrosome axis rotates as the posterior centrosome is attracted toward the posterior-veg-
etal cortex (blue cortex), where Hr-PEM protein is localized (red dots on blue cortex), and a tilted spindle (green) forms. The second division plane
is oblique to the A-V axis (large red vertical arrow). Broken lines indicate the planes of the next division. At the four-cell stage, similar events occur
again, only in the posterior blastomeres. Therefore, the B4.1 blastomere protrudes posteriorly at the eight-cell stage. Polar bodies are located
preferentially in the a4.2 blastomere. The A-V axis passes through the a4.2 and B4.1 blastomeres. The A4.1 and b4.2 blastomeres would inherit
both animal (white) and vegetal (yellow) cytoplasm from the egg. In the B4.1 blastomeres, the centrosome/nucleus complex approaches the
CAB, and the blastomere divides unequally. At the 16-cell stage, a smaller B5.2 blastomere forms at the posterior pole. This posterior-most
blastomere undergoes two further unequal cleavages.
(Lower) Without Hr-PEM protein, the cleavage pattern is quite regular because there is no centrosome-attracting activity. With respect to the
cleavage pattern, no remarkable events occur. The second division plane simply forms parallel to the A-V axis, and the third cleavage becomes
latitudinal. In the eight-cell embryo the CAB appears to be located more vegetally in the B4.1 blastomeres. In the 16-cell-stage embryo, all
blastomeres are of the same size.stained at the posterior pole at the 64-cell stage. The lo-
calization of protein coincides well with that of mRNA
(Figures 7D and 7D0). Therefore, the protein stays where
it is translated. The staining was lost in PEM-MO-in-
jected embryos, supporting the antibody specificity
(data not shown).
We also stained extracted embryos with Triton and
glycerol for half an hour (Figures 7B and 7B0). The stain-
ing persisted after extraction in control MO-injected
embryos. Therefore, PEM protein stayed there during
extraction and is likely anchored to the cell cortex and
the CAB. Again, specific staining was not observed in
PEM-MO-injected embryos (Figures 7C and 7C0). These
observations support the idea that PEM possibly plays
a role in anchoring microtubule ends to the cortex.
Discussion
In this study, we showed that the posterior cortex at-
tracts centrosomes by a mechanism involving PEM. In
the second and third cleavages, PEM is required for cor-
rect orientation of the spindle and cell division plane,
and then plays a role in sequential unequal cleavages
at the posterior pole by controlling the positioning of the
spindle and cell division plane.
PEM, the Posterior-Localized mRNA and Protein
PEM has been independently identified in three ascidian
species so far. The protein has no known domain, and
sequence conservation is low even among ascidianspecies (Figure S1). Because a BLAST search of the
present database provided no hit other than for ascid-
ians, it is still unclear whether other animals possess
PEM homologs. The Trp-Pro-Arg-Trp (WPRW) se-
quence is conserved at the C-terminal end of PEM
among ascidians. This sequence is known to be a feature
of a binding site of groucho, a transcriptional corepres-
sor [29, 30]. However, it is not clear whether PEM itself
is a transcriptional factor because PEM has no known
DNA-binding domain.
Overexpression of PEM mRNA affects development
of the adhesive organ, dorsal brain, and sensory pig-
ment cells in C. savignyi larvae [17]. The same experi-
ment in Halocynthia resulted in a more severe pheno-
typic change: Totally abnormal larvae lacking a head
and tail developed. The differences between our present
and previous studies might have been due to the spe-
cies employed. These results, together with the mor-
phology of MO-injected larvae observed in this study,
suggest that PEM also plays some roles in later embryo-
genesis. In this study, we focused on the roles of PEM
at the early cleavage stages. Overexpression of Hr-PEM
did not affect the normal cleavage pattern. There is a
possibility that translation of injected mRNA may not
be sufficient during early cleavage stages and/or that
localized activity of PEM or other posteriorly localized
cofactors may be required to control the position of the
division plane.
PEM protein was present in the CAB-forming region
and the CAB where its mRNA is localized. The protein
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(A and B) Bright-field images of fertilized egg and time-lapse images of the same embryos obtained by confocal microscopy during the second
cleavage. Times after initiation of recording are shown in each right corner. See also Movies S2 and S3 corresponding to (A) and (B). Rhodamine-
conjugated tubulin was injected in order to visualize microtubules. Lateral views are shown. Bright-field images taken at the one-cell stage reveal
the position of the polar bodies at the top (white arrows). Thus, the animal pole is up. Posterior is to the right because clear cytoplasm is located in
a relatively posterior region of the egg at this stage [12]. (A) shows control without MO injection. The posterior centrosome is attracted toward the
posterior-vegetal cortex during the two-cell stage, resulting in rotation of the centrosome axis (red arrows), and a tilted spindle forms. Eventually,
the second division plane (green arrowheads) becomes oriented obliquely to the A-V axis. A third light spot is present in the anterior region at 0:15
and 0:28. This spot probably represents fluorescent tubulin unincorporated into asters. The brilliant tiny spot on top of the embryo at 0:15 and
0:28 is not polar body. Polar body is invisible in fluorescence images because we injected fluorescent tubulin after polar-body emission. (B)
shows a Hr-PEM-MO-injected embryo. Rotation of the centrosome axis did not occur, and the second cleavage plane was vertical. The scale
bar represents 100 mm.localization was observed at the right time and in the
right place to support its role in regulation of early-cleav-
age planes. The protein localization was resistant to ex-
traction, suggesting that PEM protein is anchored to the
cortex. These observations support the idea that PEM
plays a role in anchoring microtubule ends to the cortex.
PEM Is Essential for Unequal Cleavages
In the present work, unequal divisions at the posterior
pole were converted to equal divisions in Hr-PEM knock-
down embryos. So far, nine type I postplasmic/PEM
RNAs have been found, and their functions have been
analyzed with the MOs inHalocynthia [24, 27, 31]. Knock-
down of no other type I postplasmic/PEMRNAs resulted
in such a phenotype, except in occasional cases of Hr-
POPK-1, which affects the localization of postplasmic/
PEM RNAs including Hr-PEM. The effect of Hr-PEM
knockdown contrasts markedly with that of other type I
postplasmic/PEM RNAs that are involved in cell-fate
specification but not in control of the cleavage pattern.
Embryos injected with Hr-PEM MO retained the struc-
ture of the CAB after extraction, and ZF-1 protein and
the postplasmic/PEM RNAs mRNA were still localized
to the CAB. However, the CAB lost its centrosome-at-
traction activity because Hr-PEM-deficient blastomeres
failed to form a microtubule bundle linking the CAB and
a centrosome.
PEM Is Involved in Orientation of the Second
and Third Division Planes
Data derived from observations of protrusion of the B4.1
blastomeres, the position of the CAB, localization of
the postplasmic/PEM RNAs, the position of the polarbodies, and the position of the aster and cleavage plane
in fixed and live embryos all suggest that PEM controls
the orientation of the second and third cleavage planes
(Figure 5). Centrosome axes did not tilt when PEM was
absent. Thus, the posterior-vegetal cortex attracts the
closest centrosome during early cleavages, resulting in
inclination of the cleavage planes, similar to the observa-
tion that the CAB attracts the closest centrosome during
later cleavages. Localized PEM protein functions in both
events simply by attracting the centrosome. However,
no microtubule bundle was formed during the second
and third cleavages. At this early stage, PEM protein is
broadly localized at the posterior cortex, and CAB forma-
tion is not completed [14, 31]. Therefore, microtubules
are likely to interact with a relatively wide area of poste-
rior cortex without focusing on the small CAB, as ob-
served similarly in early cleavages of sea urchin andC.el-
egans [7, 32], where no special structure such as the CAB
is present. It is possible that the centrosome axis merely
rotates whereas the nucleus stays in its original position
because of the relatively weaker pulling force in the ab-
sence of thick microtubule bundles at this early stage.
In Hr-PEM-MO-injected embryos, although posterior
protrusion of the B4.1 blastomeres was less evident
than in controls, they still protruded slightly (Figure 1K).
Similarly, the position of the polar bodies appeared to be
evenly distributed in a4.2 and b4.2 blastomeres, but q
was still 8.26 toward the a4.2 blastomeres on average
(Figure 4L). Therefore, the suppressive effect of MO on
translation might not be total, or a certain amount of ma-
ternally translated PEM protein might be present before
injection. Alternatively, the tendency for polar-body po-
sition to be retained on the a4.2 blastomere may be
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Hr-PEM mRNA
(A–C and A0–C0) Hr-PEM protein was immuno-
histochemically detected with the specific
antibody. The staining pattern was confirmed
in more than 15 specimens. Developmental
stages and orientations of embryos are indi-
cated. Anterior is to the left. In (A) and (A0),
staining is observed in CAB-forming region
and the CAB. Arrowheads indicate the CAB-
forming region at the two-cell stage. In (B),
(B0), (C), and (C0), Hr-PEM protein was de-
tected in extracted embryos. Specific signal
persisted after extraction with Triton and
glycerol in control MO-injected embryos (B
and B0). Unfertilized egg and fertilized egg
were extracted and fixed before injection of
control MO. Staining in CAB-forming region
and the CAB was lost inHr-PEM-MO-injected
embryos (C and C0).
(D and D0) Localization of Hr-PEM mRNA de-
tected by in situ hybridization. Embryos were
cleared with benzyl alcohol and benzyl ben-
zoate after in situ hybridization. The scale
bar represents 100 mm.explained by variation in the position of the contraction
pole after the first phase of ooplasmic movement just
after fertilization. Roegiers et al. [33] have reported that
the contraction pole does not always form exactly at
the vegetal pole, and forms opposite the side of sperm
entry. The sperm-entry side becomes the future poste-
rior side in ascidians. Therefore, if the second cleavage
plane passes through the contraction pole but not
through the vegetal pole, then the polar bodies will be
in the a4.2 blastomeres. This possibility might explain
why in Hr-PEM-MO-injected embryos, the polar bodies
still have a weak tendency to be located in the a4.2
blastomeres.Animal-Vegetal Axis in the Ascidian Embryo
The present results suggest that the second division
plane is oblique to the A-V axis (Figure 5). This idea con-
tradicts the conventional concept of the A-V axis, a con-
cept that has been applied hitherto to the ascidian early
embryo. Previously, on the basis of the monumental
work of Conklin [9], the A-V axis was thought to pass
through the second cleavage plane, which corresponds
to the boundaries between the a4.2 and b4.2 blasto-
meres as well as between the A4.1 and B4.1 blasto-
meres at the eight-cell stage. However, in our model,
the axis passes through the a4.2 and B4.1 blastomeres.
This idea has a significant impact on the position of each
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ulative ooplasmic inheritance in each blastomere. Ac-
cording to the simple conventional idea, the animal
hemisphere consists of a- and b-line cells, and the veg-
etal half consists of A- and B-line cells. However in our
model, the A4.1 and b4.2 blastomeres probably inherit
cytoplasm from both the animal and vegetal hemi-
spheres of the egg. If this idea is accepted, it can well
explain several issues, as described below.
In the fate map [10], nerve-cord precursor cells lie
at the anterior edge of A-line descendants that face
a-line descendants, the edge where animal hemisphere
elements would be partitioned in our model. The nerve-
cord precursors are the only ectodermal cell type de-
rived from the conventional vegetal hemisphere. In addi-
tion, every cell except for the nerve-cord precursors is
internalized during gastrulation. These unique features
of the nerve-cord precursors could be explained by their
inheritance of animal hemisphere elements, because
maternal factors localized to the vegetal hemisphere
within the fertilized egg are responsible for gastrulation
movement [13]. The inheritance of animal hemisphere
elements in the A-line cells could also account for the
SoxB1 expression pattern in ascidians. In the sea urchin,
SoxB1 is expressed and plays important roles in devel-
opment of the animal hemisphere [34]. By contrast, in
ascidians, SoxB1 is expressed not only in a- and b-line
blastomeres but also in A-line blastomeres [35]. These
speculations imply that PEM can also affect anterior
development by orienting the second cleavage plane,
despite its localization at the posterior pole.
PEM and Centrosome-Attracting Activity
With respect to cleavage pattern, every unique event in
the posterior region of the ascidian embryo can be ex-
plained by a simple rule in which the posterior cortex at-
tracts the closest centrosome. This represents a typical
example of a localized factor controlling the positioning
of the cell division plane, as observed in various sys-
tems. It is not clear whether PEM works by gathering
astral microtubules in a bundle form or by anchoring mi-
crotubule ends to the CAB. The former possibility is less
probable because PEM also functions at earlier cleav-
ages where no apparent bundle is formed. In future
studies, identification of proteins interacting with PEM
would clarify how PEM works in unequal divisions.
Recently, it has been reported that ascidians have the
aPKC/Par-3/Par-6 complex localized to the CAB [36].
The complex is well known to function in positioning of
the division plane in various animals (reviewed in [37]).
It would be interesting to examine whether Hr-PEM in-
teracts with this complex. Because PEM has no known
domain and its sequence conservation is relatively low,
no apparent homolog in other animals has yet been
identified, but PEM may be conserved in various organ-
isms and generally involved in positioning of the cell
division plane.
Experimental Procedures
Animals and Embryos
Naturally spawned eggs of Halocynthia roretzi were fertilized with
a suspension of non-self sperm. Embryos were cultured in Millipore-
filtered seawater containing 50 mg/ml streptomycin and 50 mg/mlkanamycin at 9C–13C. Tadpole larvae hatched after 35 hr of devel-
opment at 13C. For visualization of the CAB, embryos were ex-
tracted. Devitellinated embryos were rinsed with Ca2+-Mg2+-free
artificial seawater containing 1 mM EGTA, transferred to extraction
buffer (50 mM MgCl2, 10 mM EGTA, 2% Triton-X, 20% glycerol
and 25 mM imidazole [pH 6.9]) for 1–2 hr, and washed with PBS
[15]. The CABs of extracted embryos were observed with a stereomi-
croscope by orienting the embryos.
Microinjection of MOs and synthetic mRNA, preparation of anti-
body against Hr-PEM protein, immunostaining and in situ hybridiza-
tion, microscopy, and live imaging were performed as described in
detail in the Supplemental Experimental Procedures.
Supplemental Data
Experimental Procedures, one figure, and three movies are available
with this article online at http://www.current-biology.com/cgi/
content/full/17/12/1014/DC1/.
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